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ABSTRACT: The thermochemical and flammability characteristics of
some typical thermoplastic materials currently in use and others being
considered for use in aircraft interiors are described. The properties studied
included (1} thermomechanical properties such as glass transition and melt
temperature, {2) changes in polymer enthalpy, (3) thermogravimetric anal-
ysis in anaerobic and oxidative environments, {4) oxygen index, (5) smoke
evolution, (6) relative toxicity of the volatile products of pyrolysis, and (7)
selected physical properties. The generic polymers that were evaluated in-
cluded: acrylonitrile butadiene styrene, bisphenol A polycarbonate, 9,9 bis
(4-hydroxyphenyl) fluorene polycarbonate-poly (dimethyisiloxane) block
polymer, phenolphthalein-bisphenol A polycarbonate, phenolphthalein
polycarbonate, polyether sulfone, polyphenylene oxide, polyphenylene
sulfide, polyaryl sulfone, chlorinated polyvinyl chloride homopolymer,
polyviny! fiuoride, and polyvinylidene fluoride. Processing parameters, in-
cluding molding characteristics of some of the advancéd polymers, are
described. Test results and relative rankings of some of the flammability,
smoke, and toxicity properties are presented. Under these test conditions,
some of the advanced polymers evaluated were significantly less flammable
and toxic or equivalent to polymers in current use.

INTRODUCTION

HERMOPLASTIC MATERIALS ARE used in aircraft interiors as decorative films,
Tcompression- and injection-molded parts, and thermoformed parts. Typical
components include: passenger service units, luminaries, seat side panels, trays and
shrouds, flight station and lavatory parts, and panel finish in the form of film. Even
though currently used materials meet regulatory requirements [1] there is consider-
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able effort both by industry, aircraft manufacturers, and government to study and
define materials that would offer improved fire resistance and, upon combustion,
produce less smoke, irritating fumes, and toxic gases [2—13] .

This study assessed the relative thermal stability, flammability, and other related
thermochemical properties of some typical state-of-the-art and candidate experi-
mental thermoplastic materials and assessed their potential use as moldings, thermo-
formed parts, and decorative films in aircraft interiors. State-of-the-art materials
that were evaluated included: acrylonitrile butadiene styrene (ABS), bisphenol A
polycarbonate (BPAPC), polyphenylene oxide (PPQ), and polyvinyl fluoride (PVF).

Advanced thermoplastic materials evaluated included: 9,9 bis {4-hydroxyphenytl)
fluorene polycarbonate-poly (dimethylsiloxane) block polymer {BPFC-DMS), chlor-
inated polyvinyl chloride homopolymer (CPVC), phenolphthalein bisphenol A
polycarbonate (PH-BPAPC), phenolphtalein polycarbonate (PHPC), polyethersul-
fone (PES), polyphenylene sulfide (PPS), polyary! sulfone (PAS), and polyvinyl-
idene fluoride (PVF, }. '

EXPERIMENTAL
Description of Polymers

A total of 12 polymers and 23 sampies were utilized for this study. The poly-
mers were either commercially obtained or were experimental polymers being
developed by  various laboratories. The chemical structure of the polymers is
shown in Table 1. Polymers were available as molding pellets, extruded or solvent
cast film, extruded or molded sheet, and molding powders or pellets. The descrip-
tion for each polymer is also shown in Table 1. A brief description of polymers
follows: acrylonitrile butadiene styrene, sample 18, was commercially obtained in
sheet form. The chemistry of acrylonitrile butadiene styrene has been described
previously [14]. Bisphenol A polycarbonate was available in two types: bisphenol
A polycarbonate with no fire retardants (sample 14) and one with fire retardants
(sample 19). 9,9-bis {4-hydroxyphenyl)-fluorene polycarbonate-poly (dimethyl-
siloxane} block polymer was evaluated as a clear film, (sample 21) as an uncured
and cured molding powder (samples 27 and 28) and as injection-molded clear discs
(sample 23). The poly (dimethylsiloxane} varied in the samples from 15% to 22%.
The chemistry and synthesis of this polymer have been described previously
[15—18]. The chemistry and synthesis of the phenolphthalein-bisphenol A poly--
carbonate copolymers {samples 30, 31, and 55) have been described previously
[19]. Polyether sulfone was evaluated as molding pellets (samples 12 and 13} and
extruded film {sample 22). The chemistry and synthesis of the polyether sulfone
evaluated have been described previously [20]. Polyphenylene oxide was available
in molded sheet {sample 16). The chemistry of polyphenylene oxide has been
described previously [21]. Polyphenylene sulfide was evaluated as molding pellets
(sample 11) and molded sheet (samples 20 and 24). lts chemistry has been de-
scribed previously [22]. Polyaryl sulfone was evaluated as molding pellets (sample
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10) and molded sheet (sample 15). Its chemistry has been described previously
[23]. Chlorinated polyvinyl chloride homopolymer was evaluated as molded sheets
(samples 17 and 25). The chemistry of this polymer has been described previously
{24, 25, and 26]. Polyviny! fluoride and polyvinylidene fluoride were evaluated as
films (samples 32 and 58). The chemistry of these polymers has been described
previously [27].

Processing of Polymers

Processing studies were conducted to determine the feasibility of processing the
advanced polymers. The purpose was to evaluate processing parameters for molding
and to optimize the parameters for molding specimens with optimum thermo-
physical properties. Processing studies were conducted on 9,9‘bis {4-hydroxy-
phenyl) fluorene polycarbonate-poly (dimethylsiloxane), polyether suffone, poly-
phenylene sulfide, and polyary! sulfone.

9.9 bis (4-hydroxypheny!) fluorene polycarbonate-poly (dimethylsiloxane}
block polymer was injection-molded using a Battenfeld 78.4 g reciprocating screw
injection-molding machine. The granules of the polymer were dried prior to mold-
ing under vacuum at 130°C until no further weight loss was noted.

The following molding process parameters were utilized: the barrel temperature
profile was set at the rear nozzle at 298°C, in the middie nozzle at 321°C, and at
the front nozzle at 315°C. The mold temperature was 121°C; the mold surface
temperature was 107°C. The injection pressure was 89635 kN/m?, the injection
speed 1 sec, the injection pressure hold-time 10 sec, the feed time 25 sec, the screw
rpm was 160, and the pressure in the runner feeding disk was 7998 kN/m?. Disks
with good optical clarity (sample 23) were produced using the above molding
procedure.

Molding of the other materials (polyether sulfone, polyphenylene sulfide, and
polyaryl sulfone) was accomplished in a conventionally heated molding press using
conventional compression molding techniques. All of the specimens were made in
an aluminum mold consisting of a ring segment 1.905 cm long, 7.620 cm i.d., and
1.270 cm wall, screwed to a 0.953 cm flat plate. The ram, a 6.350 cm long solid
aluminum rod, 7.620 cm in diameter, was machined for a slip fit into the ring.
Molding parameters for these materials are summarized in Table 2.

Molding tests were made of polyether sulfone and polyphenylene sulfide to
establish a workable temperature and pressure cycle that would form flat panels in
a thickness range of 0.254 to 0.635 cm. All materials were in the form of pellets of
about 0.381 cm long by 0.254 c¢cm diam., and each had a melting point of approxi-
mately 260°C. Materials were kept in a 148°C oven and removed just prior to
molding.

Polyether sulfone appears to have satisfactory molding characteristics for pro-
ducing sheet stock. Initial trials were not successful because the peliets were not
dried. Once the 148°C drying process was employed, satisfactory specimens could
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be provided over a reasonable range of temperature and pressure conditions, as
shown in Table 2. Polyphenylene sulfide was slightly more difficult to mold into
satisfactory specimens than polyether sulfone. The polyphenylene suifide has a
somewhat higher melting point than polyether sulfone (approximately 267°C).
However, it becomes liquid at the melting temperature, and even low pressures
force it out of the mold completely. Yet, at slightly lower temperatures, the mate-
rial does not consolidate completely under very high pressures, i.e., 27.58 MN/m?.
Optimum molding conditions and satisfactorily molded specimens were obtained
with a molding pressure of 6.8 MN/m? and molding temperature of 238° to 260°C.
Polyary! sulfone was molded satisfactorily also at a molding temperature of399°C
and a molding pressure of 13.5 MN/m?.

RESULTS AND DISCUSSION
Thermochemical Characterization

The polymers were characterized for the following chemical properties: thermo-
mechanical properties such as glass transition temperature (Tg), melt temperature
(Tm), and char yield in anaerobic and oxidative environments.

Thermomechanical Propertiess — The glass transition (Tg) and melt (Tm} tem-
peratures were determined by the DuPont thermal mechanical analyzer (TMA),
Model 441, with the DuPont thermal analyzer, Model 900. Measurements were
made in the penetration or compression mode, using a hemispherical tip probe.

The materials that were studied included phenolphthalein-bisphenol A poly-
carbonate copolymer, polyether sulfone, polyphenylene sulfide, polyary! sulfone,
and polyvinylidene fluoride. The Tg and Tm data for these polymers are presented
in Table 3, together with data of the other polymers.

The Tg and Tm data for acrylonitrile butadiene styrene, 9,9 bis (4-hydroxy-
phenyl) fluorene polycarbonate-poly (dimethyisiloxane) block polymer, phenol-
phthalein polycarbonate, polyphenylene oxide, chlorinated polyvinyl chloride
homopolymer, and polyvinyl fluoride indicated in Table 3 are from References 16,
19, 21, 28-32.

In addition to studies conducted on the TMA, differential scanning calorimetry
(DSC) studies were conducted with a DuPont Model 900 DSC on polyphenylene
sulfide, polyaryl sulfone, and polyether sulfone. In the DSC for polyether sulfone
and polyary| sulfone, an endotherm was observed when the temperature of thermal
decomposition was attained.

The authors are aware that the DuPont Model 900 DSC is not truly a calorimeter
but is more nearly designed to perform as a differential thermoanalyzer; it was,
however, the only readily available apparatus to conduct these measurements.

The thermal properties of polyphenylene sulfide are shown in Figures 1 through
3. Two endotherms and one exotherm were observed. The DSC thermogram
(Figure 1) shows an endotherm (a) at 90°C. This temperature corresponds to the
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=

{c) 271°C
2.88 Cal/g
(a) 90°C
0.30 Cal/g
{b) 119°C
2.09 Cal/g
Ty = 156.4°C
1 1 11 1 1 1 1 1 i 1 1 1 1 1 ]
0 100 150 200 250 300 350 400 450
TEMPERATURE, °C

Figure 1. Thermal properties of polyphenylene sulfide (differential scanning
calorimeter, heating rate = 10° C/min, air).

ﬁ Tg.‘=890

L ng =2711°C

 HELINS W USRS NS S NN S | 1 11 1 1 1 T |

50 100 150 200 250 300 350 400 450 500
TEMPERATURE, °C

Figure 2. Thermal properties of polyphenylene sulfide (thermomechanical
analysis-penetration, heating rate = 15° C/min, air).
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Figure 3. Thermal properties of polyphenylene sulfide (thermomechanical
analysis-dilatometer, heating rate = 2° C/min, air).

glass transition temperature (Tg = 89°C) determined by TMA as shown in Figure 2.
However, an enthalpy change is not associated with Tg as it is not a first-order
transition. Thus, the transition at 90°C must be due to melting, which is a first-
order transition. This is confirmed by the dilatometer thermogram (Figure 3). The
transition (Tg = 88°C) is essentially isothermal. The data indicate that polyphenyl-
ene sulfide is highly crystalline. Previous studies [33] have shown a glass transition
temperature of 85°C. The second endotherm, Figure 1(c) at 271°C, may be due to
some thermal decomposition, even though this weight loss was not evident in the
TGA thermogram because of the rapid heating rate {(40° C/min). The exotherm,
Figure 1(b) at 119°C, is due to crosslinking of polyphenylene sulfide. According to
previous studies [33], crosslinking with recrystallization occurs in the presence of
air. Polyphenylene sulfide again forms a glass on crosslinking. This is evident from
the very low coefficient of thermal expansion, as shown in Figure 3. The decrease
in specific volume at T = 118°C indicates that the polymer shrinks on crosslink-
ing.

A secondary transition Ta occurs at Ta = 200°C, as shown in Figure 3. It is not
detected by TMA penetration. The second glass temperature is detected at Tg, =
250°C.

In summary, polyphenylene sulfide is thermally very stable. It undergoes inter-
esting and unusual transitions in physical state when heated, which accounts for its
good high-temperature mechanical properties. The extruded pellets of polypheny!-
ene sulfide are highly crystalline, with a melting point of 89°C. Crosslinking with
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the formation of an amorphous glass occurs at 119°C. The glass temperature of the
second glass region is 250° to 271°C.

In the case of polyvinylidene fluoride, the glass transition temperature is at
about 40°C. The glassy state is transformed with increasing temperature into a
rubbery or elastomeric state. The material melts at about 145°C.

Thermogravimetric Analyses — Thermal analyses of the polymers were con-
ducted on a DuPont 950 thermogravimetric analyzer (TGA) using both nitrogen
and air atmospheres with a sample size of 10 mg. The thermogravimetric analysis
data of 40°C/min heating rate in nitrogen and in air are shown in Figures 4 through
11.

100

i NO. 10 (PAS}
‘2’ 80 - ——— —— NO. 12 (PES)
3(. ||~ — NO. 13 (PES)
= 60 —-— NO. 22 (PES)
"f ————NO. 15 {PAS)
x -
o
g o}
-
z -
w
(4]
T 2}
o

1 1 1 i i 1
0 100 200 300 400 500 600 700 800 900

TEMPERATURE, °C

Figure 4. Dynamic thermograph for polyary! sulfone (PES); polyether
sulfone (PAS) {heating rate - 40° C/min, N, ).

The pyrolysis of the samples in air and nitrogen atmospheres was conducted to
determine the pyrolysis temperature of the samples in order that similar tempera-
tures be utilized in the furnace used to pyrolyze samples for assessing their relative
toxicity as described later in the text. Pyrolysis in an air atmosphere is intended to
approximate the environment in the pyrolysis tube at the start of the toxicity test;
pyrolysis in a nitrogen atmosphere is intended to approximate the environment in
the pyrolysis tube during the test after the original air has been displaced by
pyrolysis effluent. The degradation products are continuously removed from the
sample during thermogravimetric analysis, and in the relative toxicity test apparatus
described later they are conveyed only by normal thermal fiow. The TGA data in
the nitrogen atmosphere are considered more relevant, because in the toxicity
apparatus the pyrolysis effluents that evolved at lower temperature have essentially
displaced the original air by the time the temperature has reached 800°C.
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100
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Figure 5. Dynamic thermograph for acrylonitrile butadiene styrene {ABS); chlorinated
polyvinyi chloride homopolymer (CPVC),; polyvinyl! fluoride (PVF),; and polyvinylidene
fluoride (PVF,) (heating rate = 40° C/min, N, ).
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Figure 6. Dynamic thermograph for polyphenylene sulfide (PPS); and
polyphenylene oxide (PPO) (heating rate = 40° C/min, N, ).

All thermoplastics underwent thermooxidative decomposition in two major
steps, which is characteristic of polymeric materials.

9,9 bis (4-hydroxyphenyl) fluorene polycarbonate-poly (dimethylsiloxane)
block polymer (samples 21, 23, 27 and 28} is the most stable transparent thermo-
plastic polymer and gives the highest char yield in nitrogen and air. Polyphenylene
sulfide (samples 11, 20, and 24) is the most stable polymer tested in both the
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Figure 7. Dynamic thermograph for bispheno! A polycarbonate (BPAPC); 9, 9 bis fhy-

droxyphenyl) fluorene polycarbonatepoly (dimethylsiloxane) block polymer (BPFC-

DMS); phenolphthalein-bisphenol A polycarbonate copolymer (PH-BPAPC) and phenol-
phthalein polycarbonate (PHPC) (heating rate = 40° C/min, N, ).
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Figure 8. Dynamic thermograph for polyary! sulfone (PAS) and
polyether sulfone (PES) (heating rate = 40° C/min, air).

anaerobic and oxidative environments. According to previous studies [32], thermo-
oxidative degradation of polyphenylene sulfide occurs rapidly above 520°C. This is
in excellent agreement with the present studies, during which degradation occurred
at approximately 500°C.
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Figure 9. Dynamic thermograph for acrylonitrile butadiene styrene (A BS). chlorinated
polyvinyi chloride, homopolymer (CPVC); polyvinyl fluoride (PVF); and polyvinylidene .
fluoride (PVF, ) (heating rate = 40° C/min, air).
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Figure 10. Dynamic thermograph for polyphenylene sulfide (PPS); and
polyphenylene oxide (PPO) (heating rate = 40° C/min, air).
Physical Properties

Some of the physical properties of the polymers are shown in Table 4. Properties
that were evaluated included specific gravity, tensile strength, ultimate elongation,
heat deflection temperature, flexural strength, flexural modulus, impact strength,
and compressive strength. Phenolphthalein-bisphenol A polycarbonate copolymer
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Figure 11. Dynamic thermograph for bisphenol A polycarbonate (BPAC); 9,9 bis {4-
hydroxyphenyl!) fluorene polycarbonate-poly (dimethylisiloxane} block polymer (BPFC-

DMS),; phenolphthalein-bisphenol A polycarbonate copolymer (PH-BPAPC) (heating rate
= 40° C/min, air).

was not available in sufficient quantity to permit mechanical testing. The physical
properties of the advanced polymers are within the range of the desired properties
of thermoplastic materials for aircraft interior components [34].

Flammability Properties

Oxygen Index — The oxygen index of the polymers were determined per ASTM
D-2863 and is shown in Table 5. Polyphenylene sulfide, 9,9 bis (4-hydroxyphenyl)
fluorene polycarbonate-poly (dimethylsiloxane) block polymer and chlorinated
polyvinyl chloride had the highest oxygen index of the polymers tested.

Smoke Evolution — Smoke evolution from the polymers was determined using
the NBS-Aminco smoke density chamber. The procedure and test method used
were essentially those described by NFPA-258-T [35] . A detailed description of the
NBS smoke chamber can be found in Reference 36. The Ds values are obtained
from individual test data and then averaged. The test results obtained are presented
in Tabies 6 and 7. Tests were conducted at a heat flux of 2.5 W/cm? under flaming
and smoldering conditions. Of the state-of-the-art materials, polyvinyl fluoride has
an extremely low smoke evolution. Of the advanced materials, polyvinylidene fluor-
ide has the lowest smoke evolution. The low smoke evolution of PVF was caused
by the thin film utilized in this test. The film was consumed very rapidly upon
application of the pilot flame. Similar smoke tests conducted by another laboratory
[34] utilizing thicker PVF films indicated a specific optical density of 58 in 4 min.
9,9 bis (4-hydroxyphenyl) fluorene polycarbonate-poly (dimethyisiloxane) block
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Table 5. Oxygen Index for Polymers.

OXYGEN INDEX
SSRA"EEE POLYMER AT 23°C,
ASTM D-2863
18 ACRYLONITRILE BUTADIENE STYRENE 345
(ABS)

14 BISPHENOL A POLYCARBONATE (BPAPC) 320
19 335
21 29.0-32.0

9,9 BIS (4-HYDROXYPHENYL) FLUORENE
23 POLYCARBONATE -POLY (DIMETHYL- 475
27 SILOXANE) BLOCK POLYMER (BPFC-DMS)
28
30 PHENOLPHTHALEIN-BISPHENOL A 38.0

31 | POLYCARBONATE COPOLYMER (PH-BPAPC) 26.8
55 PHENOLPHTHALEIN POLYCARBONATE (PHPC) 32,0
12 405
13 POLYETHER SULFONE (PES) 40.0
22 30.0
16 POLYPHENYLENE OXIDE (PPO) 320
11 48.0
20 POLYPHENYLENE SULFIDE (PPS) 48.0
24 50.0
10 36.0

POLYARYL SULFONE (PAS)
15 30.0
17 CHLORINATED POLYVINYL CHLORIDE 55.0
25 HOMOPOLYMER (CPVC) 55.0
32 POLYVINYL FLUORIDE (PVF) 16.0—20.0
58 POLYVINYLIDENE FLUORIDE {PVFy) 434

polymer also exhibited low smoke evolution. Phenolphthalein-bisphenol A poly-
carbonate copolymer and phenolphthalein polycarbonate were not available in suf-
ficient quantity to permit determination of the smoke evolution.

Relative Toxicity — The relative toxicity of the pyrolysis effluents of the ther-
moplastic materials was determined. The methodology and apparatus utilized for
assessing the relative toxicity of the pyrolysis effluents has been described pre-
viously [37-44]. A summary of the procedure is as follows,

Four Swiss albino mice are placed in an animal exposure chamber (4.2 liter vol.)
and given a minimum of 5 min to adjust to their surroundings. With both sample
and animals in place, the entire system is sealed and all joints checked for proper
sealing. The animal exposure chamber is the last part sealed, to minimize oxygen
consumption before the actual start of test. The furnace is preheated to 200°C and,
at the start of the test, is turned on at the predetermined heating rate of 40°C/min.

78



Therimochemical Characterization of some Thermoplastic Materials

(3dVda-Hd) HIWAT0d0D
JLVYNOGHVIAIOd V

- - TON3HdSIE-NIITYHLHdTONIHd o€
- - - - : 8z
— p— p— - {SWa-24d9) HIWA10d 1z
e —— —— N2014 (INVXOTISTAHLIWIA)
0€:2 ¥ 04l 0S°L * 85°0lLC 6l +¥5°/L9 8l°'L F48°0L 'DAV AT0d-31VNOLSHVYIATOd
00:8L aL'961 GE'€9 L RAR INTHONTA £z
oo'€l 00'szz ELLL 69'6 (TANIHIAXOHAAH-b) SIE 6'6
— - - — 1z
00:Z70G:LL| L6'VL T /L8l | 969 % LV'Z6 |SY'OL 7 684 'DAV
00:9L 09'vLL 1929 9g/L 6L
oc:LtL £5'102 65°9L1 SZ'8g
00:02 6czsl 66°L6 90'8Z (0dvd8)
- —— —— — 31YNOZSHVYOA10d ¥V TONIHdSIF
GL:I0F 0Py | LZ'SLF2L2Z9E | SZ6+ETBYE | L8V TBGSL DAV
oc¥ £eoLE Zy's5e 96'6 vl
00'S zi'99¢ ve'ese (FA7AY
oc't L6°GpE £6'9E€ LS'6L
80:L 709:9 |86'OLL 7 LO'EYB | OV'EZ 22289 | LO'E ¥ 06'GLL ‘DAY
00:9 90°126 L9'8E9 ozl (SavV) 3INIHALS 8l
Sl:9 90°'LZ6 5v°259 89°6L1 INIIAYLNG TTHLINOTAHOY
q18 60°£89 $5'509 85'S/L
. (' xew) uwwoy 1v uwgp 1y 4H3IgWNN
J8% "ulw
{ ms__.._. } wq g g H3IWAT0d 31dAYS

ALISN3Q TVIILdO D14123dS

“(Bujwe|4 * WD/ G'Z JOqUIBYD 35OWS STN) SIIISedowIsY L WOy UOINIOAT 84O0WS "9 S1gel

79




Demetrius A. Kourtides, John A. Parker, and Carlos J. Hilado

- - - - ve
SPEFOPSL| 60LF88%2ZL| 88V +9ZEL 900+ LL'0 DAV
00-¢lL SLzel SE'vL Lo (Sdd) 0z
0g'Sl1 qLzel 6S°LL €20 34147NS INFTANIHIATOd
0€:6l SEOLL £8°L 000
- - - - LL
0E:0FGL'b (6L 9EL FGE'GGL | L6'VS + L2'LE9 | ¥E'S F82'8PZ DAV
Shv LG°L69 6y’ LY9 89'962
SLip 90'126 60°£89 00°0v2 (Odd) 3QIX0 3N3TANIHIATOd 9l
GlL:G 8b' L9 LZ’LLs LL'8ve
- . - - P44
- - - - €L
00'( ¥ 00:0Z| 646 70L'9S 0€°0 ¥00°C LZ0F420 'OAV ($3d} INO4TNS HIHLIATOM
00:02 809 alL'e 25’0 zL
00:02 0L'E9 29°'lL LL'o
00:02 eEl'vy (Y44 L0
—_— _— —_— _ (OdHd) 3LYNOSHVD 55
~A70d NIFTVHLHJTONIHd
A.gn ..—.__Ev A.K.Ev ‘Ut w.‘ v “ulwi m.—. v HIGWNN
IAWIL Waq a a H3IWATOd 31dWYS

ALISN3IA TvIiLdO J14103dS

‘panupuo "9 ajqeL

|
|



Thermochemical Characterization of some Thermoplastic Materials

€2:1780°6 | LVZTEBBL | BIOTELSL | Z0LTH96 'OAV .
0g:0L 62'1Z 9€'9lL 298 3a1¥0NT4 INIAITANIAATOL 8g
SpiL gg'9L 10'GL S9°0L
8E:9705y | 1027282 SE0 7 160 ZEDFEID DAV
S¥:0 T4 660 860
eLiel A oL odd {4Ad) 310N T3 TANIAATOd 4
6L:0 98'0 z50 {50
— - - - sz
00:L Sty | L8'6L + ZZ'GSE | L6'9Z T ¥O'PYE | OE'EL 7 PT LSl DAV
riid ZLoee ZL9ee 6,991 YIWATOJOWOH JAINOTHD 0
00:9 £9°7se 0Lize oz'ovl JTANIAATOd QALYNIMOTHI
Sl £E'9LE LS°SLE £L91
SZSTEVSL | OPETEOLYZ | €B'BZFB6E | 6L0766E DAV
0g:0L 95'80Z 86'9L 200 .l
00:0Z L8ile L8'1e ie (SVd) INO3TNS TAHYATOd
00:9Z 99°9¢62 £c'6l w
- - - - oL
(rxww) w0y 1y gL Ly
098 a a a
{ unw) HIWA10d H3IGWNN
N ALISN3Q TVI11dO 21419348 ERELAM

‘panunuo) g sjqe

81




Demetrius A. Kourtides, John A. Parker and Carlos J. Hilado

ov:vL 865/GL| O8'EL 05'v2 "DAV
00:ZL | 89'99L| S8¥'v8 89'02 (0AdJ)
00:¥L 80°LLL| LZ'Z8 262 HIWATOJOWOH JAIHOTHD LL
00:8L 90°'6ElL 815 6v'6L TANIAATOd A3LVNIHOTHD
00:0Z 80°ZL 98'c 860 'DAY
%mww mm.m" ww.m wm.m (SYd) INO4TINS TAHYA1Od | 6L
00:02 8570l ¥S'E oLt
65:L (8'€eS| 0L'00¢ ZL'L8 DAV
G616 LI'V6E| 65292 Zr'so
ol goio|  ezoze 86'L8 {0Odd) 30I1X0 INFTANIHJATOd oL
6L'G (8'6¥L| LZ'6LE 86'9L
00:0Z 26'95 8y'0 120 DAV
00:02 05'SY 90 Lo 6l
00:02 8L'98 zs0 £2°0
00:02 8v'8e 9av'0 €20 (3dvdg)
31YNOSHYIA10d V TONIHJSIE
00:02 oyl 8’0 SZ0 DAV
00:0Z S0l LSO 62°0 W
00: 69°81 a0 £2'0
00:0Z vsel ov0 £2°0
oLiLl Lo'aLy| 9zsee £Z'8Z DAV
00:LL ez'ely| 6¥QzZz | 182 (sAY) INTHALS 8L
00:0L S8Ry 9LO¥Z 6yoz aN3Iav.LNE ITIHLINOTAYIVY
oE:zL SL'E9Y| ETENPZ rze
A.HE IO LY | U gL LY
(005 “up) a a a HISWNN
Wil 43WA104 31dWVS

ALISNIQ TVIILdO D1d103dS

(*BuLIopP[OWS * (/M G “JequieyD ayows SEN) sonsejdowiay ] Wosj UuonRnjoag axyows */ ajqes

82




Thermochemical Characterization of some Therm oplastic Materials

When the upper temperature limit of 800°C is approached or reached, this tempera-
ture is maintained by either automatic or manual control until the end of the test.
The test period is normally 30 min: if 100% mortality occurs in less than 30 min,
the test is terminated upon the death of the last surviving animal. It is difficult to
choose time to death or time to incapacitation as the criterion of toxicity, because
some materials produce incapacitation more rapidly than other materials. Test re-
sults are indicated in Tables 8—10.

Chlorinated polyvinyl chloride homopolymer (samples 17 and 25) and poly-
phenylene oxide {sample 16) appeared to be among the least toxic on the basis of
time to death, and among the most toxic on the basis of time to first sign of
incapacitation. The choice of time to death or time to incapacitation as the criter-
ion of toxicity evidently affects rankings of relative toxicity. Bisphenol A poly-
carbonate (sample 14) appeared to be the least toxic on the basis of time to death.

Similar studies were conducted to determine the apparent lethal concentration
{ALCs,) produced from the pyrolysis effluents of these materials. The methodol-
ogy utilized for these tests has been described previously [44]. The same heating
rates were utilized as above. The results of these tests are indicated in Tables 11—1 2.
9,9 bis (4-hydroxyphenyl) fluorene polycarbonate-poly (dimethylsiloxane) block
polymer was the least toxic material when tested in this manner.

Effect of Char Yield on Oxygen Index — Previous studies [45] have shown a
correlation between the flammability properties of some polymers and their char
yield. Figure 12 compares the oxygen index of the polymers evaluated with their
relative anaerobic char yield. It can be seen that, in general, polymers with high
char yield exhibit a high oxygen index. Chlorinated polyvinyl chloride homopoly-
mer (sampies 17 and 25) exhibit a high oxygen index and a relatively low char
yield. Previous studies [46] have shown that the principal combustion product of
this polymer from ambient to 350°C are hydrogen chloride and benzene. The mole
ratio of hydrogen chloride to benzene was 2.5:1 during the initial weight loss
{approximately 63% weight loss from ambient to 350°C). This is equivalent to
0.539 g of HCI per 1.0 g of initial sample of polymer combusted. It is known [47]
that HCI is a flame inhibitor and the high oxygen index is attributed to the quench-
ing effect of the HCI during the test.

CONCLUSION

The flammability properties of the polymers evaluated are summarized in Table
13. The relative flammability characteristics of these polymers are indicated in
Table 14. For comparative purposes, the values of the material properties are in-
dicated in terms of percent, 100% indicating the most desirable fire-safe material
properties. The problem of evaluation of materials in terms of fire safety is com-
plex. To rank materials, it would be desirable to develop a “fire safety equation’’
that would assign weight to specific measurements of each variable, i.e., oxygen
index, smoke evolution, toxicity of the oxidative pyrolysates, and thermal stability
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Table 9. Relative Toxicity of Degradation Products (Time to Incapacitation).

SAMPLE POLYMER INCAI’%:ETTSTION
NUMBER {Ti, IN MINUTES)
17 CHLORINATED POLYVINYL CHLORIDE 6.29 + 0.60

HOMOPOLYMER (CPVC}
16 POLYPHENYLENE OXIDE (PPO) 8.65 + 2.29
25 CHLORINATED POLYVINYL CHLORIDE 900 ——
HOMOPOL YMER (CPVC)
58 POLYVINYLIDENE FLUORIDE (PVFy) 9.19 + 4.67
1 POLYPHENYLENE SULFIDE (PPS) 959+ 1.30
22 POLYETHER SULFONE (PES) 9.63 ——
10 POLYARYL SULFONE (PAS) 10.01 + 1.35
20 POLYPHENYLENE SULFIDE (PPS) 10.22 + 1.80
15 POLYSULFONE (PAS) 1061+ 1.33
12 POLYETHER SULFONE (PES) 1072+ 1.74
24 POLYPHENYLENE SULFIDE (PPS) 10.48 £ 1.89
18 ACRYLONITRILE-BUTADIENE-STYRENE 11.35 + 1.32
(ABS)
19 BISPHENOL A POLYCARBONATE (BPAPC) 12.82 £ 2.76
13 POLYETHER SULFONE (PES) 13.39 + 2.28
31 PHENOLPHTHATEIN-BISPHENOL A 1415 ——
POLYCARBONATE COPOLYMER (PHBPA PC)
14 BISPHENOL A POLYCARBONATE (BPAPC) 16.02 + 1.86
23 9.9, BIS (4-HYDROXYPHENYL) FLUORENE 1677 ——
POLYCARBONATE-POLY (DIMETHYL-
SILOXANE) BLOCK POLYMER (BPFC-DMS)
32 " POLYVINYL FLUORIDE (PVF) 16.94 + 2.39

(char yield) of each polymer. Development of such an equation is dependent on:
identification of the variables (Ol, D, %Ti, %Td, Yc), determination of the impor-
tance of each variable to the real aircraft fire situation, selection of measurement
techniques for each variable and determination of the weight to be assigned to the
measurement of each specific variable to reflect the real fire situation. It is beyond
the scope of this study to define such an equation, but some general conclusions
may be drawn based on the data presented in Table 14. Assuming equal weight
assignment to each flammability parameter and averaging the percent values indi-
cated, the polymers and their relative percent values could be rated as follows, in
order of increased fire safety: polyphenylene oxide (sample 16) 28%; acrylonitrile
butadiene styrene (sample 18) 30.1%: bisphenol A polycarbonate {sample 19)
32.5%; chlorinated polyvinyl chloride homopolymer (sample 17) 35.5%; bisphenol
A polycarbonate (sample 14) 37.7%:; polyaryl sulfone (sample 15) 42.4%: poly-
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Table 10. Relative Toxicity of Degradation Products (Time to Death).

NUMBER POLYMER (Ta, IN MINUTES)
22 POLYETHER SULFONE (PES) 10.26 = 0.32
11 POLYPHENYLENE SULFIDE {PPS) 10.57 + 1.40
20 POLYPHENYLENE SULFIDE (PPS) 11.07 £ 1.63
10 POLYARYL SULFONE (PAS) 11.23 + 148
12 POLYETHER SULFONE (PES) 12.22 + 1.52
24 POLYPHENYLENE SULFIDE (PPS) 12.04 + 1.86
13 POLYETHER SULFONE (PES) 1442 +2.34
15 POLYSULFONE (PAS) 15.72 + 1.40
19 BISPHENOL A POLYCARBONATE (BPACPC) 16.08 + 3.98
31 PHENOLPHTHALEIN-BISPHENOL A 16.92 £ 0.31

POLYCARBONATE COPOLYMER (PHBPA-PC)
58 POLYVINYLIDENE FLUORIDE (PVF3) 17:34 £ 3.22
18 ACRYLONITRILE-BUTADIENE-STYRENE 19.30 +4.25
(ABS)
16 POLYPHENYLENE OXIDE (PPO) 19.96 + 3.61
32 POLYVINYL FLUORIDE 20.50 + 2.05
23 9,9, BIS (4-HYDROXYPHENYL) FLUORENE 20.52 + 1.96
POLYCARBONATE-POLY (DIMETHYL-
SILOXANE) BLOCK POLYMER (BPFC-DMS)
17 CHLORINATED POLYVINYL CHLORIDE 21.76 + 4.22
- HOMOPOL YMER (CPVC)
25 CHLORINATED POLYVINYL CHLORIDE 22.74 + 6.22
HOMOPOLYMER (CPVC)
14 BISPHENOL A POLYCARBONATE (BPAPC) 23.04 +5.25

vinylidene fluoride (sample 58) 47.4%; polyvinyl fluoride (sample 32) 51.1%; poly-
ether sulfone (sample 12) 51.3%; 9,9 bis (4-hydroxyphenol} fluorene polycar-
bonate-poly {dimethylsiloxane) block polymer (sample 23) 52.1%; and polyphenyl-
ene sulfide {sample 20) 53.0%. The polyviny! fluoride film (sample 32) would have
normally shown lower in the scale of fire-resistant polymers, except that low Ds
numbers were obtained during the smoke tests, since the film was consumed early
in the tests.

A correlation was established between the oxygen indices of the polymers and
their anaerobic char yield. Generally, polymers with high anaerobic char yield
exhibited high oxygen index. There was no relationship noted between the thermo-
mechanical (Tg, Tm) properties of the polymers and their flammability characteris-
tics.
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Table 11. Apparent Lethal Concentrations of Pyrolysis Products of some Thermoplastic
Polymers (ALCg,).

BASED ON WEIGHT OF SAMPLE LOST
SAMPLE % WEIGHT
NUMBER POLYMER ma/l | REMAINING
20 | POLYPHENYLENE SULFIDE 114+1.1 56.82
24 | POLYPHENYLENE SULFIDE 13317 59.22
11 POLYPHENYLENE SULFIDE 135+ 12 '56.45
14 BISPHENOL A POLYCARBONATE 14.4 + 4.1 4.00
15 | POLYARYL SULFONE 148+ 12 10.84
9.9, BIS (4-HYDROXYPHENYL)

FLUORENE | :
27 | POLYCARBONATE-POLY (DIMETHYL- | 163+ 15 52.06

SILOXANE) BLOCK POLYMER

(BPEC-DMS)
10 | POLYARYL SULFONE 169+ 05 21.03
12 | POLYETHER SULFONE 173+ 0.4 21.72
18 | ACRYLONITRILE-BUTADIENE-

STYRENE 203+ 0.8 5.14
17 | CHLORINATED POLYVINYL

CHLORIDE HOMOPOLYMER 228+ 6.0 3.39
13 | POLYETHER SULFONE 231+ 2.1 23.26
16 | POLYPHENYLENE OXIDE 285+ 8.7 16.18
19 BISPHENOL A POLYCARBONATE 299+ 17 7.72
25 | CHLORINATED POLYVINYL

CHLORIDE HOMOPOL YMER 319+ 0.4 10.86
58 | POLYVINYLIDENE FLUORIDE 782+ 50 20.69

9.9, BIS (4-HYDROXPHENYL)

FLUORENE
28 POLYCARBONATE-POLY (DIMETHYL- | 93:2%20 59.91

SILOXANE) (BPFC-DMS)

SYMBOLS AND ABBREVIATIONS

ALCs, apparent lethal concentration; mg of sample (charged in
furnace or lost during pyrolysis) per liter of animal
chamber volume required to cause 50% of test animal deaths

: . . _ 100 100
D percent light transmittance = =
D, 10{ps/132)
antilog ()
132
Dm specific optical density, max
Ds specific optical smoke density = 132 log; o (lng)

M10 Mortality after 10 min exposure, %
M20 mortality after 20 min exposure, %
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Table 12. Apparent Lethal Concentrations of Pyrolysis Products of some

Thermoplastic Polymers.

BASED ON WEIGHT CHARGED
SAMPLE
NUMBER POLYMER mg/|
14 BISPHENOL A POLYCARBONATE 15.0+£43
15 POLYARYL SULFONE 16.6 £+ 2.8
18 ACRYLONITRILE-BUTADIENE-
STYRENE 21.4+09
10 POLYARYL SULFONE 21825
12 POLYETHER SULFONE 22.1+0.8
17 ‘| CHLORINATED POLYVINYL
CHLORIDE HOMOPOLYMER 23.6+4.0
20 POLYPHENYLENE SULFIDE 26429
13 POLYETHER SULFONE 30.1 + 3.1
11 POLYPHENYLENE SULFIDE 31.0+58
19 BISPHENOL A POLYCARBONATE 324+0.9
24 POLYPHENYLENE SULFIDE 33.1+4.6
16 POLYPHENYLENE OXIDE 34.0+11.7
9,9, BIS (-HYDROXYPHENYL)
FLUORENE N
27 POLYCARBONATE-POLY (DIMETHYL- 344+16
SILOXANE ) BLOCK POLYMER
(BPFC-DMS)
25 CHLORINATED POLYVINYL
CHLORIDE HOMOPOLYMER 35.9+0.6
58 POLYVINYLIDENE FLUORIDE 986+ 7.4
99, BIS (4-HYDROXYPHENYL)
FLUORENE
28 POLYCARBONATE-POLY (DIMETHYL- 2325+85
SILOXANE) BLOCK POLYMER
(BPFC-DMS)
M30 mortality after 30 min exposure, %
Ol  oxygen index, 02
%0, concentration of oxygen in animal exposure chamber, vo!. %
T upper temperature limit of pyrolysis, °C
Tc temperature in animal exposure chamber, °C
Td time to death, min
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100 ~
POLYMER NUMBER
90 |- ABS 18
BPAPC 14
0 |- BPAPC 19
BPFC-DMS 23
PH-BPAPC 30
© 70 |- PH-BPAPC 31
p PES 12
—
L 5
x * 17
i 50 1 34 PPO 16
— e o PPS 1
2 8 12 B*% % pps 20
S a0 |- 2 30 PPS 24
g 19 18 13 %, PAS 15
XaolbZe " s cPVC 17
o3 16 18 8 CcPVC 25
31 PVF 32
20 - 39 PVF2 58
10
| | | 1 | | | | | |
(] 10 20 30 40 50 60 70 80 90 100
PERCENT WEIGHT REMAINING AT 800°C, N2
Figure 12. Effect of char yield of thermoplastic polymers on oxygen index.
Fable 13. Summary of Flammability Properties of Polymers.
SAMPLE POLYMER sovic, | o | b T T
NUMBER Ny m i d
18 ACRYLONITRILE BUTADIENE STYRENE 14 345 |843.07 |11.35 | 19.30
{ABS)
14 BISPHENOL A POLYCARBONATE (BPAPC) 26 32.0 |362.72 |16.02 | 23.04
19 21 335 [187.17 |12.82 | 16.08
21 9.9 BIS (4-HYDROXYPHENOL) FLUORENE —= 1305} —— | - | —
23 POLYCARBONATE-POLY (DIMETHYL- 60 47.5 |21058 [16.77 | 2052
27 SILOXANE) BLOCK COPOLYMER 67 1 — __
(BPFC-DMS)
28 — — | — —
30 PHENOLPHTHALEN-BISPHENOL A 46 380 | —— — _
POLYCARBONATE COPOLYMER
31 (PH-BPAPC) 41 268 | — |14.15 | 1692
55 PHENOLPHTHALEIN POLYCARBONATE — | 320 | — — —
(PHPC)
12 42 405 | 56.10 [10.72 [12.22
13 POLYETHER SULFONE (PES) 40 400 | — [13.39 |1442
22 7 300 | —— 9.63 | 10.28
16 POLYPHENYLENE OXIDE (PPO) 13 32.0 |775.35 | 8.65 | 19.96.
1 64 480 | — 959 |1057
20 POLYPHENY LENE SULFIDE (PPS) 68 48.0 [124.88 |10.22 | 11.07
24 62 500 | —— [10.84 |12.40
10 POLYARYL SULFONE (PAS) 47 360 | —— [10.01 |17.23
15 39 30.0 |241.03 |1061 |15.72
17 CHLORINATED POLYVINYL CHLORIDE 26 55.0 |355.22 | 6.29 |21.76
25 (CPVC} ‘ 24 550 | —— 9.00 |22.74
32 POLYVINYL FLUORIDE (PVF) 7 18.0 232 [16.94 | 2050
58 POLYVINYLIDENE FLUORIDE (PVF5) 30 434 | 1883 | 9.19 |17.34
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Table 14. Relative Flammability Characteristics of Thermoplastics.
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. . 0) (T
% Td relative percent survival at death; % Td = (100) (Td)
Tf temperature of pyrolysis furnace, °C
Tg glass transition temperature
Ti time to first sign of incapacitation, min
0) (Ti
% Ti relative percent survival at incapacitation; % Ti = (103——)0(-9—
Tm melt temperature
Wec weight of sample charged, g
Wp weight of sample pyrolyzed, g
Yc char yield or percent weight remaining
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